Purpose: To assess associations between axial length and density of retinal pigment epithelium (RPE) cells in various ocular regions. Methods: The histomorphometric investigation included histological sections of enucleated eyes of Caucasian patients. Using a light microscope, we counted the number of RPE cells on Bruch 0 s membrane at the ora serrata, in the preequatorial region, the equatorial and retro-equatorial region, at the midpoint equator/posterior pole, and at the posterior pole. Results: The study included 65 globes with a mean axial length 25.9 AE 3.5 mm (range: 21.0-34.0 mm). Retinal pigment epithelium (RPE) cell count in the equatorial to retro-equatorial region (p < 0.001; correlation coefficient r 2 : 0.44), in the pre-equatorial region (p < 0.001; r 2 : 0.39) and at the midpoint equator/ posterior pole (p = 0.03; r 2 : 0.12) decreased with increasing axial length. Retinal pigment epithelium (RPE) cell count at the ora serrata (p = 0.49) and posterior pole (p = 0.44) was not significantly correlated with axial length. As a corollary, mean RPE cell density was higher (p < 0.001) at the posterior pole than at the midpoint equator/posterior pole or at the ora serrata region, where it was higher than in pre-equatorial region (p < 0.001) and in the equatorial to retroequatorial region (p < 0.001). Conclusions: The decrease in the RPE cell density mainly in the equatorial to retro-equatorial region in association with longer axial length suggests a region of enlargement of Bruch 0 s membrane in the equatorial to retro-equatorial area in association with axial elongation. The finding may be of interest to elucidate the process of emmetropization/myopization.
Introduction
Previous studies have revealed that eyes with primary axial myopia show a thinning of the sclera and choroid (Heine 1899; Olsen et al. 1998; Norman et al. 2010; Vurgese et al. 2012) . The axial elongation associated thinning of the sclera and choroid took place predominantly posterior to the equator, and there was a marked increase in thinning closer to the posterior pole. Interestingly, the thickness of Bruch 0 s membrane was not associated with axial elongation, so that abnormally short eyes, globes of normal length and eyes with marked axial elongation did not differ in the Bruch 0 s membrane thickness, neither at the equator, at the pars plana region nor at the posterior pole (Jonas et al. 2014a) . It led to the hypothesis, that it was Bruch 0 s membrane which actively grew in the process of axial elongation, which compressed the choroid and which actively pushed the sclera outward, leading secondarily a thinning of the sclera and choroid (Jonas et al. 2014a; Shen et al. 2015) . The assumed growth or elongation of Bruch 0 s membrane could be accomplished by the retinal pigment epithelium (RPE), the basal membrane of which forms the inner layer of Bruch 0 s membrane. If the hypothesis holds true, one would postulate a growth region of Bruch 0 s membrane somewhere between the ora serrata and the posterior pole, close to the region where presumably the peripheral defocus is detected by the afferent part of a feedback mechanism governing the regulation of axial elongation. Assuming that the RPE does not multiply after birth, the growth region of Bruch 0 s membrane should show a decreased density of RPE cells as the area of the underlying Bruch 0 s membrane would have enlarged. It was therefore the purpose of our study to measure the density of RPE cells in various regions of enucleated human globes and to search for associations between the determined RPE cell density and axial elongation.
One has to acknowledge that this hypothesis is based on several assumptions not yet proven. In the discussion of the findings of this study, one will have to address local ocular growth regulation mechanisms, including that growth modulatory signals may be relayed via the RPE to the choroid and the sclera, partially through changes in gene expression and thus in protein expression; that the choroid is modulated by defocus, even in humans, with these changes being confined to local regions when defocus is localized; and that changes in the sclera are also local in nature, when the stimulus for change is local (Troilo & Wallman 1991; Rymer & Wildsoet 2005; Metlapally & McBrien 2008; Smith et al. 2009 Smith et al. , 2014 Ros en et al. 2011; Huang et al. 2012; Liu & Wildsoet 2012; Benavente-P erez et al. 2014; Sankaridurg & Holden 2014) .
Patients and Methods
The histomorphometric investigation included 65 human globes of 65 Caucasian patients. The Medical Ethics Committee II of the Medical Faculty Mannheim of the Ruprecht-Karls University Heidelberg approved the study protocol. In agreement with the approval by the ethics committee, informed consent was not obtained as the globes had been enucleated up to 50 years before the study was initiated. The reason for enucleation was a malignant melanoma of the choroid in 35 globes and end-stage painful glaucoma in 30 eyes. At the time when the eyes with malignant tumours were enucleated, no other treatment modalities were available or were thought not to be suitable for tumour removal with respect to its location and size. Most of the eyes had been included in previous studies on different topics (Jonas & Jonas 2010 Jonas et al. 2012a Jonas et al. , 2014b . Eyes with congenital glaucoma were excluded from the study, as these globes with secondary high axial myopia differ eyes with primary axial myopia (Jonas et al. 2016a) . If high axial myopia was defined as an axial length of ≥26.5 mm, there were 26 nonhighly myopic eyes without glaucoma, 12 nonhighly myopic eyes with glaucoma, nine highly myopic eyes without glaucoma and 18 highly myopic eyes with glaucoma. Mean age was 62.3 AE 13.9 years, and mean axial length was 25.9 AE 3.5 mm (median: 25.0 mm; range: 21.0-34.0 mm). The mean horizontal globe diameter was 23.9 AE 0.8 mm, and the mean vertical globe diameter was 23.8 AE 0.6 mm.
As already described in detail previously, the globes were fixed in a solution of 4% formaldehyde and 1% glutaraldehyde immediately after enucleation (Vurgese et al. 2012; Jonas et al. 2013a Jonas et al. , 2014a . After they had remained in the fixative at room temperature for 1 week, the axial length and the horizontal and vertical diameters were measured using a vernier caliper or similar instrument. The measurements were usually rounded. The globes were then further processed for histological examination. A segment running through the optic nerve head and the pupil was cut out of the fixed globes. The segments were dehydrated in alcohol, imbedded in paraffin, sectioned for light microscopy, and stained by the Periodic-Acid-Shiff method or with haematoxylin and eosin. The meridional direction of the segment depended on the location of the tumour in the group of eyes with a malignant choroidal melanoma and the meridian of sectioning was horizontal in all other globes. For all eyes, one section with a thickness of 8 lm and which ran through the central part of the optic nerve head was taken for further evaluation. The reason why one section was taken was that for the majority of globes, only one section was available in the archives. That section had been considered to be representative for the whole globe at the time when other sections had been discarded years before the present study was started. Using a light microscope with an in-built millimetre scale, an objective with a magnification of 259 and an ocular with an magnification of 109, the same examiner (JBJ) counted the number of RPE cells on Bruch 0 s membrane for a length of 480 lm. The measurements were performed slightly posterior to the ora serrata, in the pre-equatorial region, in the equatorial to retro-equatorial region, at the midpoint between the posterior pole and the equator, and at the posterior pole (Fig. 1) . The counts were carried out on both sides of the histological slides and the mean of both measurements was taken for further statistical analysis. The RPE cell count was determined in regions in which the choroid and choriocapillaris were open. It means that regions with chorioretinal atrophy due to a peripheral cobble stone formation and regions with a secondary Bruch 0 s membrane defect in the macular region of highly myopic eyes were excluded from measurement. An RPE cell was counted as separate cell if a cell segment different from the neighbouring cell was captured. We additionally measured the thickness of Bruch 0 s membrane at the pars plana, ora serrata, equator, the midpoint equator/posterior pole and at the posterior pole as described previously (Jonas et al. 2014a ).
We used a commercially available statistical analysis system (SPSS for Windows, version 22.0; IBM-SPSS, Chicago, IL, USA) for statistical analysis. As a first step, we calculated the mean value and standard deviation of the RPE cell count obtained at each measurement location. Applying a linear regression analysis as a second step of the statistical analysis, we searched for associations between the RPE cell count and axial length and other ocular and general parameters in a univariate analysis. We then performed an analysis of variance including the parameters of with location of measurements and axial length. Finally, we carried out a multivariable analysis with RPE cell density as dependent variable and axial length and age as independent variables. The level of significance for the statistical analysis in the present study was 0.05 (two-sided) in all statistical tests.
Results
In univariate analysis, higher RPE cell density at the ora serrata was not significantly associated with the RPE cell density at any other location (all p ≥ 0.09). Higher RPE cell density in the pre-equatorial region was significantly (p < 0.001; correlation coefficient r: 0.74) associated with higher RPE cell density in the equatorial to retro-equatorial region, while it was not significantly associated with the RPE cell density at any other location (all p > 0.09). Higher RPE cell density in the equatorial to retro-equatorial region was significantly correlated with higher RPE cell density in the RPE cell density in the pre-equatorial region and with higher RPE cell density at the midpoint equator/posterior pole (p = 0.02; r: 0.29). Higher RPE cell density at the midpoint equator/posterior pole was associated with higher RPE cell density in the retro-equatorial region and with higher RPE cell density at the posterior pole (p < 0.001; r: 0.51).
Retinal pigment epithelium (RPE) cell count at the ora serrata (p = 0.49; correlation coefficient r: À0.09) and at the posterior pole (p = 0.44; r: 0.10) was not significantly correlated with axial length. The RPE cell count in the pre-equatorial region significantly decreased with increasing axial length (p < 0.001) (Fig. 2) . In a similar, however, more marked manner, the RPE cell count in the equatorial to retro-equatorial region significantly decreased with increasing axial length (p < 0.001) (Fig. 3) . The RPE cell count at the midpoint of equator/posterior pole showed the lowest degree of statistical significance in its association with axial length (p = 0.03) (Fig. 4) . Correspondingly in an analysis of variance with region and axial length as factors, longer axial length was significantly associated with higher RPE cell density in the retro-equatorial region (p < 0.001; F: 5.66), in the pre-equatorial region (p < 0.001; F: 4.71) and at the midpoint equator/posterior pole (p = 0.03; F: 2.13). The RPE cell counts were not significantly correlated with age (all p > 0.01) or presence of glaucoma (all p > 0.10). If age was added to the linear regression analysis, it was not significantly correlated with RPE cell count in the equatorial to retro-equatorial region (p = 0.82), in the pre-equatorial region (p = 0.86) or at the midpoint equator/posterior pole (p = 0.73). The ratio of RPE cell count in the equatorial to retro-equatorial region divided by the RPE cell count at the posterior pole decreased significantly with longer axial length (Fig. 5) .
The RPE cell count at the posterior pole (p > 0.45), at the midpoint equator/posterior pole (p > 0.30), in the equatorial to retro-equatorial region (p > 0.05), in the pre-equatorial region (p > 0.20) and RPE cell count close to the ora serrata (p > 0.10) was not significantly correlated with the thickness of Bruch 0 s membrane, neither at the location of measurement of RPE cell count nor at any other location.
Retinal pigment epithelium (RPE) cell count was significantly (p < 0.001) higher at the posterior pole than at the midpoint posterior pole/equator or at the ora serrata region (Table 1) . Both latter regions did not differ significantly in RPE cell count (p = 0.50). In both latter regions, RPE cell count was significantly higher than in pre-equatorial region (p < 0.001) and in the equatorial to retro-equatorial region (p < 0.001). This sequence of ocular regions with respect to the RPE cell density partially reflects the regional differences in the association between RPE cell density and axial length. Retinal pigment epithelium (RPE) cell density was the lowest in pre-equatorial region and in the equatorial to retroequatorial region, those regions in which a lower RPE cell density was significantly (p < 0.001) association with longer axial length. As a corollary, the RPE cell density was the highest at the posterior pole where RPE cell density was not significantly (p = 0.44) associated with axial length.
Discussion
In our histomorphometric study, the density of RPE cells in the equatorial to retro-equatorial region, and to a lower degree the RPE cell density in the pre-equatorial region and at the midpoint equator/posterior pole decreased significantly with longer axial length, while the RPE cell density in the ora serrata region and at the posterior pole was not significantly correlated with axial length (Fig. 2-5) . Correspondingly, the ratio of the RPE cell count equatorial to retro-equatorial region/ posterior pole significantly decreased with longer axial length.
The findings of our study are new and cannot be compared with the results obtained in previous investigations. In previous studies and models, the theory on the mechanism of emmetropization or myopization has usually been based on the concept of the sclera as the tissue eventually driving axial elongation of the globe. Numerous studies have addressed the question how the sensory or afferent part of the feed-back mechanism in the retina communicates with the efferent or effective part of the mechanism in the sclera to finely tune, with a precision of 100 lm or less, the length of the optical axis as required by the optical media of the eye (Morgan et al. 2012 ). Based on the findings obtained in the present study and in recent other investigations as well as based on general considerations, it may make sense considering Bruch 0 s membrane (and the RPE actively forming Bruch 0 s membrane) as the main effector part of the mechanism of emmetropization and myopization. The present study revealed that the density of the RPE cells decreased with longer axial length when measured in the equatorial to retro-equatorial region, in the preequatorial region and to a lower degree at the midpoint between equator/posterior pole. Taking into account that RPE cells may not have a marked mitotic activity, the axial elongation associated decreasing density of RPE cells in the equatorial to retro- equatorial region may be due to an enlargement or growth of the underlying Bruch 0 s membrane. The growth of Bruch 0 s membrane may be accomplished by the local RPE cells which as other epithelium-derived cells continuously produce their basal membrane. The growth or elongation of Bruch 0 s membrane would secondarily lead to an axial elongation of the globe. It would point towards the equatorial and retro-equatorial region as the main region of growth of Bruch 0 s membrane. A drawback in this argumentation is that the lower RPE cell count in the equatorial to retro-equatorial region in association with a longer axial length could have simply been the secondary, or passive, consequence of an elongation of the eye without indicating that the elongation occurred by active participation of the RPE cells in the equatorial to retro-equatorial region.
Interestingly, the RPE cell count at the posterior pole was not significantly associated with axial length in the present study. It fits with the results reported from the Beijing Eye Study in which the length of macular Bruch 0 s membrane as measured by optical coherence tomography was not significantly correlated with axial length ). An axial elongation associated increase in the distance between the optic disc and the fovea was predominantly due to the development or enlargement of a temporal parapapillary gamma zone which has recently been defined as the parapapillary region without Bruch 0 s membrane (Jonas et al. 2012b (Jonas et al. , 2013b .
Correspondingly, longer axial length was not significantly associated with lower best corrected visual acuity after adjusting for other ocular and general parameters in multivariate analyses (Yin et al. 2012) . It fits with the findings that the thickness of the macular retina, in contrast to the subfoveal choroid and the macular sclera did not get thinner with longer axial length (Wakitani et al. 2003; Jonas et al. 2016b ). The RPE cell density was also determined in a previous study using a different technique (Panda-Jonas et al. 1996) . In that investigation, 53 normal human donor eyes from individuals with a mean age of 58.6 AE 18.8 years and an axial length of less than 27 mm were opened, and up to 25 biopsy specimens of the RPE were obtained in four meridians. The RPE cells were counted on photographs taken from the apical retinal pigment epithelial surface. The RPE cell density decreased from the fovea (4220 AE 727 cells/mm cells/480 lm) in the outer peripheral fundus regions as detected in the previous investigation agreed with the measurement of a RPE cell density of 20.3 AE 8.3 cells/480 lm at the equatorial to retro-equatorial region in the present study. In the previous investigation, the RPE cell density decreased significantly (p < 0.001) by about 0.3% per year with increasing age (Panda- Jonas et al. 1996) . It is contradictory to the present study in which the RPE cell counts were not significantly correlated with age (all p > 0.01). Reasons for the discrepancy between both studies may be that in the previous one the association with axial length was not taken into account and that the present study included highly axially elongated eyes to a high percentage, while highly axially elongated globes were excluded in the previous study. Limitations of our study have to be kept in mind when the results are discussed. First, serial sections of the globes were not available, so that it was not possible to determine, whether the histological section was located in the very centre of the optic disc or whether it ran slightly paracentrally. By the same token, it could not be determined whether the available section was indeed representative for the whole globe. However, the globes had been prepared in experienced and well supervised laboratories, one may assume that the selected histological section was centrally located and was representative for the eye. The limitation that serial sections were not available held true for eyes of any axial length, so that it may not have markedly It has remained elusive, whether the results of our study on this special study population can be transferred onto normal human eyes. Sixth, the histological sections of the melanoma group were orientated according to the main location of the tumour, while the glaucomatous globes had been opened in a horizontal direction. Seventh, measurements on refractive error were not available, so that the degree of myopia could not be determined. Our investigation could therefore only refer to axial elongation as a surrogate for myopia or myopization. Eighth, post-mortem swelling of the tissue after enucleation and histological preparation of the slides will have changed the original dimensions of the globes, so that our measurements did not represent the intravital dimensions. It was, however, not the purpose of our study to determine the real dimensions but to assess associations between the RPE cell count and axial length. Finally, the correlations between the RPE cell densities and axial length depended on the size of regions measured. If the sections had been smaller, the differences in RPE cell counts and in associations with axial length between the sections would been smaller. If however, these smaller regions had then been merged into larger regions as the one used for our study, similar results would have been obtained.
In conclusion, the profound decrease in the RPE cell density mainly in the equatorial to retro-equatorial region in association with longer axial length suggests a region of growth of Bruch's membrane in the equatorial to retroequatorial area in association with axial elongation. Future studies may further explore the potential active role Bruch's membrane may play in the process of emmetropization and axial myopization.
